The performance of the CO 2 absorber column using monoethanolamine (MEA) 
Introduction
The major cause of global warming is CO 2 released into atmosphere by consuming fossil fuels. CO 2 emissions are mainly generated by large CO 2 sources such as fossil fuel power plant, cement plant, steel plant, and refinery. Therefore, effective strategies such as carbon capture and storage (CCS) are essentially required to reduce the CO 2 emission from a large CO 2 source.
The CO 2 capture technologies are usually divided into three main-categories: postcombustion, pre-combustion, and oxy-fuel combustion. Among these technologies, the post-*nCorresponding author; e-mail: wskim@hanyang.ac.kr THERMAL SCIENCE, Year 2012, Vol. 16, No. 3, combustion technology is effective at low CO 2 concentration about 3~15% and includes absorption, adsorption, membrane, and cryogenics. Koukouzas et al. conducted a case study to evaluate the possibilities for CCS including CO 2 capture, transportation and storage in the Komotini NGCC power plant [1] . In the post-combustion technology, chemical absorption technology using an aqueous solution of chemical base is used most widely for the CO 2 capture in fossil fuel power plants, since this has the advantage that it can be retrofitted to existing plant. In chemical absorption, the mainly used solution is aqueous alkanolamine solutions, such as monoethanolamine (MEA), diethanolamine (DEA), methyldiethanolamine (MDEA) and etc. Among these solutions, MEA is the most commonly used solvent for CO 2 capture [2] . In addition, a investigation for CO 2 looping cycles using CaO-based sorbent was performed by Manovic et al. [3] .
The widely used approaches for modeling and design of a reactive absorption process are the equilibrium-based approach and the rate-based approach to predict the behavior of CO 2 absorber column. The equilibrium-based approach subdivides the absorber column into several segments and assumes that the vapor and liquid phase reach equilibrium at each stage [4] . The rate-based approach is called as non-equilibrium approach and calculates the mass and heat transfer between the vapor and liquid phase [5] . Based on these approaches, various absorber column models at different levels of complexity were developed by previous researchers. Kenig et al. [6] classified various forms of models into 5 levels according to complexity for mass transfer and reaction model. In CO 2 absorber column using aqueous alkanolamine solution, vapor and liquid phase equilibrium is rarely achieved at each stage, because CO 2 absorption process is a rate-based-controlled phenomenon [7] . Therefore, the rate-based approach is more appropriate for modeling the CO 2 absorber column than the equilibrium-based approach.
The investigations for the chemical reactions of MEA-CO 2 -H 2 O system were widely conducted by various researchers. Hikita et al. [8] , Versteeg et al. [9] , Horng et al. [10] investigated the reaction rate for MEA-CO 2 -H 2 O system at very narrow ranges of temperature. Freguia [11] adjusted the reaction rate coefficient suggested by Hikita et al. [8] and Kvamsdal et al. [12] modified the latter even further. At high CO 2 loaded aqueous MEA solution, Aboudheir et al. [13] developed a termolecular kinetics model for MEA-CO 2 -H 2 O system over the temperature range from 293 K to 333 K. Vaidya et al. [14] summarized the previous researches for the reaction kinetics of CO 2 absorption into aqueous MEA solution.
In Lawal et al. [15] , a dynamic absorber column model was developed based on the rate-based approach. In this model, it was assumed that the chemical reactions are at equilibrium for considering the mass transfer. Lawal et al. [15] results showed that the rich solvent loading and the CO 2 absorption level were in good agreement with the experimental data obtained by Dugas [16] . On the other hand, this model showed poor prediction for the liquid temperature profile in the absorber column. In Kvamsdal et al. [17] , a dynamic model for absorber column was developed by using enhancement factor for consideration of ratebased mass transfer. In this work, the height of packing and the flue gas flow rate were adjusted in gPROMS to obtain the similar CO 2 absorption efficiency as measured in the experiment.
In the present work, a rate-based model is used to predict the performance of CO 2 absorber column. 1-D mass and heat balance equations for vapor and liquid phase are used to obtain the distribution of each species concentration and temperature along the height of column. These governing equations are coupled with the mass transfer through vapor-liquid interface and the chemical reaction for CO 2 absorption into aqueous MEA solution. The mass transfer across vapor-liquid interface can be explained by using the two-film theory. To consider the chemical reaction for CO 2 absorption into aqueous MEA solution, an enhancement factor is used. It is assumed that the chemical reaction only occurs in liquid film and the equilibrium stage is attained at the bulk liquid region. To consider the rate-based mass transfer, the following chemical reactions are considered: ionization of water, dissociation of dissolved CO 2 through carbonic acid, dissociation of bicarbonate, carbamate reversion to bicarbonate, dissociation of protonated MEA and overall reaction of MEA and CO 2 . Equilibrium constant proposed by Edwards et al. [18] and Kent et al. [19] are applied for the vapor-liquid equilibrium model.
In this work, various types of reaction rate coefficient of the CO 2 /aqueous MEA reaction are applied to the rate based model. The rate based model used in this study is validated by comparing the simulation results with experimental and simulation results given in the literature. Then the proper reaction rate coefficient is chosen for predicting the temperature profile and CO 2 removal efficiency of CO 2 absorber column.
Modeling
This section describes the absorber model based on the rate based approach for predicting the phenomena that happen in the CO 2 absorber column using aqueous MEA solution. Figure 1 shows a schematic of CO 2 absorber column and a control volume used in the present study. It is assumed that the CO 2 absorber column is a packed column and vapor phase species are CO 2 2 rich gas enters at the bottom and flows upward through the packing while the CO 2 lean MEA solution is uniformly distributed at the top of the packing and flows downward. It is assumed that the each control volume is composed of bulk vapor phase, bulk liquid phase, vapor film and liquid film, then the mass transfer is occurred through the interface between vapor and liquid film.
Mass and heat balance equations
The partial differential equations (PDE) are used to simulate the time and spatial behavior of concentration and temperature of the CO 2 absorption process in a plug flow reactor. Mass and heat balance equations of vapor and liquid phase are summarized below [17] .
The total mass balance equations for the vapor and liquid phases are, respectively: 
where T v and T l are the vapor and liquid temperature, C p,i is the specific heat capacity of component i, h v/l -the interfacial heat transfer coefficient, ∆H r -the absorption heat of CO 2 , and ∆H vap -the vaporization heat of H 2 O.
Interfacial mass transfer model
In this paper, the flux of CO 2 , MEA, and H 2 O is defined as follows:
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where K ov,i is the overall mass transfer coefficient, eq,* i P -the equilibrium partial pressure of component i in the liquid phase, and v i P -the partial pressure of component i in the vapor phase.
In this study, the mass transfer in the vapor-liquid interface is described by the twofilm model. In two film theory, the overall mass transfer coefficient is defined in terms of the resistance to mass transfer in the vapor and liquid film. In case of MEA and H 2 O, the resistance to mass transfer in the liquid film can be ignored since the MEA and H 2 O concentrations are high in the liquid phase. Therefore, the overall mass transfer coefficient of MEA and H 2 O is expressed by:
where v i k is the vapor side mass transfer coefficient, and R -the gas constant. The overall mass transfer coefficient of CO 2 is given by: 
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-the enhancement factor of CO 2 absorption. The first and the second term of right hand side of eq. (9) represent the resistance to mass transfer in gas and liquid phase, respectively. The correlations given by Onda et al. [20] for vapor and liquid side mass transfer coefficient are applied in this model.
In this work, the pseudo first order enhancement factor is used for CO 2 absorption in MEA solution. The enhancement factor is defined as follows: 
Vapor-liquid equilibrium model
For the prediction of the mass transfer in the vapor-liquid interface, it is necessary to estimate the equilibrium pressure of CO 2 and the liquid concentration of all components existing in the aqueous MEA solution. Therefore, the vapor-liquid equilibrium model is adopted for analysis of kinetics in MEA-CO 2 -H 2 O system. The chemical reactions considered are as follows: [13] Ionization of water:
Dissociation of dissolved CO 2 through carbonic acid: 
The equilibrium pressure of each species:
where α is the CO 2 loading, 2 * CO C -the free CO 2 concentration at equilibrium, x i -the free MEA and H 2 O mole fraction, and P i -the partial pressure of MEA and H 2 O. Table 1 shows the equilibrium constants used in this study. 
Model validation

Numerical method
The algebraic and partial differential equations were calculated by in-house code. The Broyden's method is applied for solving the nonlinear equation. The method of backward finite differences over a uniform grid of 200 elements is used to discretize the spatial variables.
Validation of vapor-liquid equilibrium model
For validation of the equilibrium constants used in this study, the present results were compared with the numerical data predicted by Liu et al. [21] . The CO 2 loading was varied from 0 to 1 in a 2.5 M MEA solution at 313 K. The concentration of each component was shown in fig. 2 
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is gradually increased with increasing CO 2 loading. In fig. 3 , partial pressure of CO 2 at the vapor-liquid interface is also validated by comparing the present result with experimental data [22] . At 30 wt.% MEA concentration, the 
Validation of the rate-based model
In this study, the data from Dugas [16] is used for validation of the rate based model. Table 2 shows the information of absorber column and packing material. The CO 2 absorber column of the pilot plant is a packed column with a diameter of 0.427 m, a total height of 11.1 m and total packing height of 6.1 m. The packing in the absorber column is IMTP-40 with a void fraction of 0.98, a nominal packing size of 0.04 m and a specific surface of 154 m 2 /m 3 . Table 3 shows the operating conditions of absorber column used to validate the present model. The reaction rate of Aboudheir et al. [13] is applied for validation of the rate based model used in this work. Figure 4 shows the liquid temperature profiles of the experimental data the present simulation result. The present result shows that there is no temperature gradient at the top, middle, and bottom of the absorber column. In the region it is assumed that the reaction of CO 2 absorption into MEA solution is not occurred because the packing does not exist. The liquid temperature profiles in the present study are in good agreement with Dugas's [16] result, except bottom, and top of column. At the bottom and top of column, the interfacial contact area between liquid and vapor phase is sharply decreased than the packed region, since there is no packing. The possibility that the actually measured temperature is the vapor phase temperature is high. Therefore, the numerical and experimental results show the big discrepancy at the bottom and top of column. Table 4 shows the comparison of the experimental and the simulation result for the rich CO 2 loading and CO 2 removal efficiency. The present results show that the deviation of rich CO 2 loading and CO 2 removal efficiency is about 5.0% and 7.8%, respectively. Therefore, the analysis model used in this work shows good agreement with the experimental results for the temperature profile, CO 2 loading and CO 2 removal efficiency of CO 2 absorber column. 
Results and discussions
The comparison of simulation results using various reaction rate coefficients suggested by Hikita et al. [8] , Versteeg et al. [9] , Horng et al. [10] , Freguia [11] , Kvamsdal et al. [12] , and Aboudheir et al. [13] with the pilot-scale experimental data from Dugas [16] is performed in the present study. Table 5 presents the reaction rate coefficients between CO 2 and MEA as suggested by previous literatures [8] [9] [10] [11] [12] [13] . Table 6 indicates the operating conditions of absorber column. Four cases which has 8.3, 6.6, 4.5, and 3.1 of L/G, respectively, were selected to choose the appropriate reaction rate coefficient covering over all experimental range. Figures 5 to 8 show the variations of the temperature in the liquid phase with respect to the reaction rate coefficients for Case 25, Case 39, Case 41, and Case 43, respectively. In Case 25, the temperature profile of present result using Aboudheir et al. [13] shows a good agreement with experimental data within the error of less than 2 K. However, the others used in the present study show the big difference between numerical and experimental results [16] . In Case 39, the temperature profiles of numerical results are similar with Case 25. The peak temperature of MEA solution is 7 K higher than that of Case 25. The height of peak temperature is shifted around 0.6 m from bottom, since the liquid flow rate is decreased. Under the conditions of Case 41, the reaction rate coefficients used in this study show good agreement with experimental results [16] . Among these results, the reaction rate coefficient of Aboudheir et al. [13] show higher prediction accuracy than any others. In Case 43, the reaction rate coefficient of Aboudheir et al. [13] is also well agreement with experimental data [16] . The simulation results using the reaction rate coefficients except Aboudheir et al. [13] show 3 K higher peak temperature than experimental result [16] because CO 2 absorption into MEA solution is over estimated. The simulation results using the reaction rate coefficient suggested by Aboudheir et al. [13] are compared with the experimental data [16] as shown in tab. 7. The deviation of the CO 2 loading and the CO 2 removal efficiency using the reaction rate coefficients of Aboudheir et al. [13] are below about 4.9% and 5.2%, respectively. This results show that the reaction rate coefficient suggested by Aboudheir et al. is appropriate to predict the performance of CO 2 absorber column using aqueous MEA solution. It is ascribed to more accurate reaction rate coeffcient obtained by Aboudheir et al. [13] variation of CO 2 absorption rate as a function of MEA concentration can be considered in the modified reaction rate coefficient suggested by Aboudheir et al. [13] . Hence, the results show that the reaction rate coefficient suggested by Aboudheir et al. [13] is the most appropriate one among candidates considered in the present study to predict the performance of CO 2 absorber column using aqueous MEA solution. 
Conclusions
In the present study, the reaction rate coefficients suggested by Hikita et al. [8] , Versteeg et al. [9] , Horng et al. [10] , Freguia [11] , Kvamsdal et al. [12] and Aboudheir et al. [13] are applied to the present model. Then the liquid temperature profile of the present numerical result with respect to the reaction rate coefficients is compared with that of experimental data [16] . Among 48 experiments with various conditions conducted by Dugas [16] , four cases which cover almost range of the ratio of liquid to gas mass flow rate are selected for comparison of the reaction rate coefficients. The rate of liquid to gas mass flow rate of these cases is about 8.3, 6.6, 4.5, and 3.1, respectively. The liquid temperature profile using the reaction rate coefficient suggested by Aboudheir et al. [11] show the best result in the various reaction rate coefficients used in this study for Case 25, Case 39, Case 41, and Case 43 among candidates. The error of CO 2 loading and the CO 2 removal efficiency using the reaction rate coefficients of Aboudheir et al. [13] is within about 4.9% and 5.2%, respectively. It is shown that the reaction rate coefficient suggested by Aboudheir et al. is appropriate to predict the performance of CO 2 absorber column using aqueous MEA solution due to more accurate data obtained by Aboudheir et al. [13] from experiments in various range than the previous literatures. 
